Abstract -Design of low cost traction motors with ferrite magnets needs to meet challenges such as minimizing the risk of demagnetization, and maximizing the torque and power density, via a suitable choice of rotor and stator winding topology and parameters. With regards to the stator, distributed and concentrated windings may have both advantages and disadvantages when considering manufacturing cost, slot fill factor, the contribution factor of reluctance torque and parasitic effects. Furthermore, the trend toward high speed operation of the traction motors may increase the AC loss effects in the windings, contributing to motor deficiencies and risk of thermal failure. In this paper, the performance of a high speed ferrite motor with a distributed and concentrated wound stator, and with regards to torque and power performance as well AC loss effects is assessed. The dynamic performance of a full scale prototype design based on a distributed aluminum wound stator is presented.
I. INTRODUCTION
ERMANENT magnet motors with rare earth magnets are amongst the most popular candidates for traction applications, due to their high torque and power density, and efficiency, [1] - [6] . However, due to the high and unpredictable cost of the rare earth material, in particular Dysprosium which increase the demagnetization withstand capability of NdFeB magnets at high temperatures, [7] , research toward using rare earth free designs, such as those with ferrite magnets have, recently, become popular, [8] - [14] . While different rotor topologies with ferrite magnets, including spoke type in [10] , [11] , [12] , Multi-layer U and V shapes in [13] , [14] and [15] , and novel LC type in [16] , have been reported, the majority are interior permanent magnet (IPM) type to exploit the reluctance torque, as well as reducing the risk of demagnetization via rotor core acting as a magnetic bypass, [12] , [13] .
With regards to the stator and windings, both concentrated (CW), [11] , [16] , and distributed (DW), [10] , [12] , [13] , [14] , [15] , windings have been proposed, where the concentrated option reduces the costs (due to the simplicity of the manufacturing and possibility of stator modularity) at the cost of lower saliency and lower contribution from the reluctance torque. Furthermore, with a concentrated winding with modular stator core, a greater slot fill factor can be achieved, as a result of which the DC winding loss is mitigated and the power density may be enhanced, [17] [18] . Several papers have compared the performance of concentrated and distributed windings applied to IPM motors, amongst which most have addressed the extra core and magnet losses as well as acoustic noise and vibration due to the additional Magneto Motive Force (MMF) harmonics associated with the concentrated windings, [17] , [19] , [20] . In [21] - [24] , the torque-speed performance of a distributed winding is reported to be superior to a concentrated winding in both constant torque and constant power region, due to the higher saliency ratio.
Another important aspect of traction motors, especially those with high top speed rating (to obtain a high power density and a high constant power speed ratio, CPSR) is to mitigate the AC losses in the windings. In [25] , a one dimensional analytical model of the AC loss in a distributed winding has been proposed and proved with only 5% inaccuracies when compared against FE modelling. In [26] , the proximity effect in several combinations of parallel and series wire connections and for a concentrated wound traction motor have been studied, and shown that without a transposition, [27] , the losses in a bundle of parallel wires may concentrate in few individual wires, leading to hot spots and possible motor failure. In [28] , the extra time harmonics due to PWM switching were shown to pronounce the proximity and skin effect losses, while in [29] , a computationally efficient method to calculate skin and proximity losses with account for the temperature effects has been proposed.
Finally, the choice between star and delta connections for three phase windings might have implications on some parasitic effects related to flux 3 rd order harmonics. In [30] , it is shown that in an induction motor (IM) the 3 rd harmonic flux due to the magnetic saturation may result in extra core losses, while it is commented that the delta connection might affect these losses via cancelation of the 3 rd order harmonics. Furthermore, several papers have investigated the drive advantages via switching between star and delta connection, [31] , [32] , (due to the voltage per coil differences between the two connections). However, no paper has provided a comparison between the two winding connections in terms of AC losses.
In this paper, the performance of a high power density low cost ferrite motor, [12] and [33] , with regards to the stator windings will be assessed. In this regard, the distributed wound stator is compared against a concentrated wound alternative, while the rotor in both cases is kept identical to the base line rotor design in [12] . First, for a limited DC voltage supply, the torque-speed performance of the motor, using the two alternative windings, is compared. Then, the AC winding losses for different scenarios including 
II. TORQUE AND POWER PERFORMANCE
The main requirements of a high speed ferrite motor, specified as part of an all-electric vehicle project, [12] , [33] , are summarized in Table I . Furthermore, a schematic of the stator and rotor geometry for both a distributed winding (with 2 slots per pole and phase) and a concentrated winding (with 0.5 slot per pole and phase) as well as some major dimensions are included in Fig. 1 . and Table II . With regards to the design methodology, the following comments should be noted: a) the rotor geometry is a result of a coupled electromagnetic-structural optimization process which has been explained in [12] , [33] , b) the stator topology with the distributed winding is the result of an optimization to achieve maximum torque, and a minimum ripple torque, while the open rectangular slots were chosen to maximize the flux linkage and simplify coil insertions, c) the stator topology with the concentrated winding is the result of a manual optimization, to achieve a maximum torque while the outer and inner bore diameters were kept fixed and identical to the design with the distributed winding (this was to enable using the same rotor and the same stator housing for the two designs for a simpler comparison). Fig. 5 . From Figs. 2 to 5, it can be realized that: a) due to the higher per unit inductance associated with the concentrated winding (due to the additional Magneto Motive Force,the distributed winding design; this is due to the larger per unit L d (which enables the field weakening with lower available per unit current), as well as improvement of the concentrated winding design saliency by approaching the high speed-low current operating range due to the lower magnetic saturation, Fig. 5 
III. WINDING LOSSES
The winding losses, in a traction motor, constitute the majority of the total losses during the high torque low speed region, while they still may be comparable or larger than the iron losses during the low torque high speed region due to the losses associated with the field weakening current. Due to the high power density and large CPSR requirement of the traction motors, these motors are usually designed with a high top speed rating, such as the HSFM in this paper, as a result of which, care must be taken to avoid excessive AC losses in the windings.
By increasing the slot fill factor, defined as the conductor area to the total slot area, the DC winding losses can be reduced proportionally. On this basis, the concentrated winding with a modular stator is, usually, regarded as a higher efficiency option, due to the higher achievable fill factor compared to the distributed winding design. However, through the studies of the AC losses by the authors, it has been realized that if the additional fill factor results in a random lay out of the parallel wires, the AC losses might be pronounced to such an extent that lower fill factor options with an organized wire layout might be preferred. To demonstrate this effect in the current paper, the concentrated winding design in Section I is fitted with 16 turns and 6 wires in parallel per turn for a low fill factor option with an organized wire layout, Fig. 6(a) , and with one additional wire per turn for a high fill factor option, where due to the additional wire, the disposition of the wires in the preferred layout becomes more complex to achieve, thereby a random layout has to be assumed, Figs. 6(b) and (c). It should be noted that by the organized layout, it is meant to maintain all or maximum number of the parallel wires within one turn in the same radial location; this is to minimize the dominant part of the proximity effects due to the dominant variation of the slot leakage flux in the radial direction compared to the circumferential direction. With regards to the random layout, two scenarios were assumed where the wires were disposed once in the optimistic configuration, Fig. 6(b) , i.e. most of the wires were accommodated in the same radial location to experience the least proximity effects, and once in the pessimistic configuration, Fig. 6(c) , where most of the wires were disposed in different radial locations, to experience the largest proximity effects.
The time average winding loss distribution in the wires from the AC loss analysis in 2D FE (a transient motion analysis with the effects of the magnets included) have been shown in Fig. 7 , and the total loss over DC loss factor in average and for the conductor with the largest losses have been summarized in Table III . Based on Fig. 7 and Table III the following comments can be made: a) when the parallel wires belonging to each turn are organized circumferentially, the losses are more uniformly distributed, thereby the AC loss factor is minimum, b) however, when the parallel wires are randomly distributed, the current density and losses tend to concentrate in the conductors which are located in the more inward radial locations, i.e. the locations with higher slot leakage ratio and, relatively, closer to the field variation from the magnets, c) as a result, and as indicated in Table III , not only may the quality of the wires disposition influence the average total winding losses, influencing the efficiency of the motor, but also it may result in severe formation of local hot spots in the winding, as in the pessimistic scenario the hot spot conductor may experience up to 64.2 times the average per wire DC loss.
With regards to aluminum wires, from Fig. 7 (d) and Table III , it can be realized that even though using aluminum instead of copper wires will raise the DC losses, it may, significantly, mitigate the AC loss effects. To explain the impact further, a summary of the DC and total loss values at base and top speed peak power operating points have been reported in Table IV , where cells indicating the maximum losses have been highlighted. From Table IV it is realized that, with regards to the maximum total loss, the copper winding results in 30% lower combined DC and AC losses compared to aluminum, which is less significant than 75% ratio when only DC losses are compared (due to 75% lower resistivity of copper). However, the main advantage of using aluminum is revealed when the local effects, i.e. the losses in the individual conductors are compared. In this respect, the maximum loss per aluminum conductor (indicated as worst conductor in Table IV ), is about, only, 68% of the design with copper windings. Accounting for the non-ideal transfer heat coefficient between the wires (due to the insulations and air voids between the wires), the lower power losses in the individual conductors may result in lower risk of local hot spot formations, which may ultimately result in higher power capability and reliability of the designs based on the aluminum windings. To assess the AC loss effect in a distributed winding design, the stator in Fig. 1(a) has been fitted with a 16 turn winding, with each turn composed of 3 parallel wires, Fig. 8(a) . Due to the suitable fit of the slot aspect ratio to the specified number of turns and wires, it was estimated that the proposed wire layout was achievable in the manufacturing phase. From Table III , it can be realized that the proposed organized layout has resulted in a very low AC loss factor, which has been, further, enhanced by changing the wires from copper to aluminum. Furthermore, a comparison of the distributed against concentrated winding option reveals that the distributed design may result in lower AC loss effects, which can be attributed to the lower per unit slot leakage flux in the case of distributed winding design. Finally, a comparison of the Star and Delta connection has been made, where a delta connected 28 turn distributed winding with 6 parallel wires per turn organized in a preferred layout has been analyzed, Fig. 8(b) and Table III . The voltage and current drive of the Delta connected design has, furthermore, been adjusted so that a similar torque and power performance as that with the Star winding could be achieved.
Based on the results in Table III , it was realized that due to the smaller wire size (as a result of the higher number of turns) in a Delta connected design, lower AC losses can be achieved. However, this conclusion is, only, valid, when assuming that the parallel wires can, still, be disposed in a preferred lay-out, since a random lay-out of the wires may negate the effect of the smaller wires and raise the AC losses significantly. IV. PROTOTYPE TESTING The HSFM design with the aluminum distributed winding according to Figs. 1(a) and 8(a) (a disposition of the parallel wires close to the ideal pattern in Fig. 8(a) was achieved during the manufacturing) was manufactured and subjected to a dynamic performance testing, Fig. 9 . The intermittent and continuous performance from an initial rotor temperature of 65 C was measured at different rotor speeds, and under 400 V DC link voltage. The temperature rise as well as current and torque response for the 3000 rpm are shown in Fig. 10(a) , and the torque-power performance for the entire speed range and the comparison against the requirements are shown in Fig. 10(b) . The preference of aluminum over copper windings for the prototype motor, despite the aluminum higher total losses in Table IV , is, primarily, to assess the reliability of this rather uncommon concept in a high power density traction application. Furthermore, the choice of aluminum wires resulted in a ~70% winding mass saving (~ 5 kg), as well as a ~90% reduction of the windings cost, both due to the lower mass density, as well as the lower price of the aluminum compared to the copper, [37] . From Figs. 10(a) , it can be realized that the HSFM design with the aluminum windings is capable of providing the maximum torque and power for a duration of about 30 seconds, which exceeds the requirement of 10 seconds and matches well with the initial thermal assessments of the dummy stator set up in [35] . From Fig. 10(b) , it is realized that even though the HSFM design provides about 10% lower peak torque compared to the requirement, it, notably, provides a 24% higher peak power at a higher base speed. Furthermore, in terms of the continuous performance, even though the HSFM lags behind the required continuous power at lower speeds (due to the lower than required continuous torque at low speeds), it exceeds the continuous power requirement at the speeds above 6500 rpm, and provides a maximum continuous power of 60 kW, exceeding the requirement by 28%. Based on the results from the dynamic performance testing, it can be realized that the HSFM design with a distributed aluminum winding in the current paper (with 14 liter gross volume identical to the Leaf design), and with the rotor design disclosed in [12] and [33] , may provide a competitive maximum torque and power density of 17 Nm/ liter (about 85% of the Leaf motor rating) and 6.4 kW/ liter (about 110% of the Leaf motor rating), and a maximum continuous power density of 4.3 kW/ liter (about 75% of the Leaf motor actual capability tested in [36] ). 
V. CONCLUSIONS
The superiority of a distributed wound stator to a concentrated alternative in terms of higher torque and power density performance, and based on theoretical analyses, was demonstrated. It was shown that a distributed winding may benefit from a higher achievable current per unit DC link available voltage compared to a concentrated winding, due to the lower per unit inductance, while higher winding factor and saliency ratio in the former may result in a larger torque and power density of the motor. With regards to the AC loss effects, it was shown that the layout of the parallel wires within a turn can have a significant influence on the proximity losses. Furthermore, it was proposed and demonstrated that a suitable choice of the winding turns and parallel wires per turn may enable the designers to mitigate the AC losses via an organized disposition of the parallel wires in an ideal circumferential arrangement. Based on a comparison of aluminum against copper windings, the important benefit of using aluminum wires in mitigating the total losses in the individual conductors, thereby, reducing the risk of thermal failure due to the local hot spot formation was, for the first time, reported. In this paper, for the first time, the dynamic performance of a full scale prototype traction motor using low cost ferrite magnets and aluminum windings has been reported, and the prototype motor was shown to provide a highly competitive intermittent and continuous performance which, closely, matches the state of the art designs with rare earth magnets and copper windings. More specific prototype testing with regards to the AC losses and evaluation of the locally occurring hot spots is the scope of a future work.
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